discovery of new materials to ensure a leap forward in performance. The Material Genome Initiative (MGI) provides a strategy to elucidate structure-property relationships and discover new high-performance materials by the integration of computing, experimental and data platforms [6] , in which high-throughput computational and experimental screening techniques should substitute the traditional trial-and-error method in materials
design by avoiding onerous and time-consuming synthesis and characterization. Pioneered by Ceder's research group in Massachusetts Institute of Technology (MIT), high-throughput computational screenings by setting capacity, voltage, and volume change of bulk as criteria were applied to novel Li-ion battery materials [7] . A large database of experimental and computational data are indexed to allow free online access for further calculations and experiments [8] . However, the practical use of these data faces enormous technical and scientific challenges. Some indexed battery materials cannot be synthesized, while some materials are unstable during discharge/charge cycles or have poor electrochemical performance. This is mostly attributed to electrochemical performance difference between perfect bulk and nanostructured battery materials. In fact, most practical applications in batteries are based on nanostructured configuration rather than bulk. Moreover, many electrochemical performances such as Li-ion diffusion and electronic conduction pathways in nanoscale exhibit clearly different profiles from those in microscale. In addition, the disordered structures induced by defects or doping may further generate different electrochemical performances from those in well-ordered structures. As a result, electrochemical performances of battery materials are influenced by many factors, for example, particle size, exposed surface, interface, and disordered structures. Therefore, a practical high-throughput computational screening for Li-ion battery materials should not only consider intrinsic bulk properties but also contain comprehensive criteria such as disordered structures, particle size, surface and interface, which describe nanostructure characters.
A significant challenge is that the present high-throughput calculations for battery materials must be performed by bulk models due to expensive computational costs. Therefore, it is important to establish an effective connection between intrinsic properties of bulk materials and electrochemical performance of corresponding nanostructures. In the last 10 years, a great deal of experimental and computational studies have been performed to elucidate the various structureproperty relationships involving microscopic structure, particle size, morphology, doping, phase transitions, and surface/interface effects, as shown in Figure 1 . However, quantitative description of these structure-property relationships in high-throughput calculations are not established yet.
In this review, we establish quantitative descriptions for the structure-property relationships in order to perform high-throughput screenings to discover new materials and optimize known material performances. There have been some excellent reviews on this topic [3, [9] [10] [11] , most of which mainly discuss qualitative structure-property relationships based on underlying physical mechanisms. These summaries provide a fundamental basis for our present review.
Because of the complexity of electrochemical reactions, an effective integration of computation and experiment should be fully emphasized in the present review. Based on the established experimental information, more realistic models can be constructed to accurately describe structural stability, band structures, electron hopping, and mass transportation in Li-ion battery materials, to identify determinant factors of physical and chemical properties. Computational insights into electrochemical properties for battery materials have been discussed in previous review articles [9, 10] , and are beyond the scope of this review. Therefore, computations and experiments are complementary to explore the structure-property relationship of battery materials in bulk and nanostructure in order to perform high-throughput calculations.
Structure disorders
The various point defects and structural disorders under a well-ordered framework have been observed in many lithium-ion battery materials such as LiMPO 4 [12] [13] [14] [15] [16] [17] [18] [19] . These zero-dimension defects in cathodes are classified into antisite, Frenkel, and Schottky disorders, which are presented in Kröger-Vink notation as follows:
where subscripts of atomic symbols (Li, O, and M = metal) and i represent regular lattice and interstitial positions, while superscripts (˙, ' and ˟) correspond Figure 1 . illustration of some of the important structureproperties relationships discussed in this review.
to positive, negative and no charges, respectively [14] . In recent years, the formation energies of these point defects in the various materials were calculated based on the density functional theory (DFT), indicating that the most favorable intrinsic defect is the cation antisite defect (M↔Li). For example, charging LiMPO 4 materials (M = Co, Fe, Mn, Ni) may generate point defects in which antisite defect is dominated [14, 15, 17, 20] . Some low formation energies of antisite defects in Li 2 MnSiO 4 (0.66 eV) [21, 22] , LiMnBO 3 (0.75 eV) [12] , LiNi 1/3 Mn 1/3 Ni 1/3 O 2 (0.84 eV) [23] , LiFePO 4 (1.13 eV) [24] , and LiMnPO 4 (1.48 eV) [25] were calculated in the previous publications. Based on these formation energies, the concentrations of antisite defects formed by M(Fe ) and Li + ions were further estimated as < 5% [12, 26] , which is generally consistent with experimental results, for example, 1-8% concentration of antisite defects measured by scanning transmission electron microscopy (STEM) [16, [27] [28] [29] .
A direct influence of antisite defect on electrochemical performance is realized by changing Li-ion migration kinetics in discharge and charge processes. On one hand, the antisite defects may generate a higher migration barrier of Li-ion and result in one-dimension migration channel blocking. Based on atomistic modeling method, Islam et al. [14, 25] 3 . In contrast to blocking Li-ion migration channel, the antisited Li-ion provides a bridging site for crossover from one channel to others, forming 2D or 3D migration channels. In addition, two research groups separately studied defect chemistry and Li-ion migration in high-voltage cathode materials Li 2 MP 2 O 7 (M = Co, Mn, Fe) [19, 30] . Clark et al. [30] calculated the formation energy of the Li-Fe antisite defect as 0.22 eV by atomistic modeling methods. Lee and Park [19] found such an antisite defect could lead to Li-ion migration mode change from 2D to 3D network. These studies indicate that a disordered defect with low formation energy corresponding to high concentration can extend Li-ion migration pathways.
As shown in Figure 2 , the improved electrochemical performance can be attributed to a low defect formation energy in the scale of 0.4-0.5 eV and resulting in its high concentration of 11.6% in experiment (12.5% in calculation), which turns the channel-to-channel crossover to the dominant diffusion mechanism [13] . Under the assumption of low concentration of antisite defects, the concentration which depends on the defect formation energy (ΔH) can be expressed as follows:
where k B and T are the Boltzmann constant and temperature, respectively, and N site and N config are the numbers of equilibrium sites and defect configurations, respectively. Therefore, researchers can calculate the formation energies of antisite defects and the concentrations to determine Li-ion migration mechanism. Based on Equation (4) and the previous studies, it is expected that an antisite defect with a formation energy of 0.2-0.5 eV and a concentration of ~10% can extend Li-ion migration 16c sites. These calculated results are in agreement with experimental studies. [34] [35] [36] In nature, the surface-dependent storage capacity increasing in Li 4+x Ti 5 O 12 should be attributed to the zero-strain property, i.e. very low interfacial energy and strain between the tetrahedral-and octahedral-coexisting phases. The zero-strain effect also induces a short compositional domain with constant voltage. It can be proved by no observation of two-phase separation but a solid solution for diffraction with both Li 4 [41] [42] [43] . Although surface orientations play an important role in allowing Li-ion migration between different sites (for example, 16c and 8a sites in [42] ), the essence of surface-dependent storage capacity increasing still is attributed to the zero-strain effect which thermodynamically favors more accessible Li-ion occupied sites. Therefore, it is expected that different occupancy of Li-ion and strain energy of bulk materials can be used to evaluate surface-dependent storage capacity of Li-ion electrode materials.
The uniaxial strains of fully-discharged battery materials along different directions can be calculated by using supercell structure with relaxed atomic positions and cell size, by a factor of (1+ε), where ε is the magnitude of the strain. The strain energy difference (E diff ) between two different directions can further been a parameter to determine surface-dependent Li + -occupancy and storage capacity. As a result, E diff can be used as a criterion of high-throughput calculation. Besides, many Li-ion battery materials exhibit surface effects in the Li-ion migration kinetics. A typical example is LiFePO 4 in which the two low-energy (010) and (201) surfaces were identified by DFT computations [33, 44] . In addition, surface-dependent discharge voltage was also observed.
pathways and prevent blocking of a low-dimensional pathway.
The above analysis indicates that a high concentration of antisite defects may generate a more favorable Li-ion migration mechanism by extending migration pathways and reducing migration barriers. In fact, the local structure and charge state differences of exchanged atoms play an important role in determining a formation energy of antisite defect. The local polyhedral environments of Li and transition metal have similar number and size, favoring a high concentration of antisite defects. In addition, the antisite atoms should have a similar charge state, to prevent local polarization.
For perspective, we expect that defect formation energy can be used as high-throughput calculation parameter (<0.5 eV formation energy) to screen high-performance cathode materials. One can perform fast formation energy calculations for antisite defects based on similar local occupancies, sizes, and charge states of exchanged atoms. Further defect concentration and Li-ion migration mechanism can be investigated based on the accurate first-principles calculations and experimental characterization such XRD and TEM.
Surface engineering
It is proved that tuning surface structures and morphology sometimes can allow electrochemical reactions and increase Li-ion storage capacity, which may be prevented from taking place in microscale [31] [32] [33] . In recent years surface-dependent storage capacity was reported in many publications. Li 4 Ti 5 O 12 with spinel structure, which is of great interest as an anode material, has been applied on a large scale. What makes it attractive as a Li-ion insertion electrode is the zero-strain property, resulting in excellent cycle life: upon lithiation from initial state Li 4 Ti 5 O 12 to its fully lithiation state Li 7 Ti 5 O 12 , there is almost no lattice change [34] [35] [36] . Also of interest is the observation of stable lithium compositions exceeding Li 7 Ti 5 O 12 up to Li 8.5 Ti 5 O 12 by decreasing particle size, which has been determined by neutron diffraction measurements and DFT-based calculations [37] [38] [39] . The nano-curved storage capacity is attributed to Li-ion anisotropic occupancy depending on exposed surfaces as well.
By using first-principles methods, Ganapathy and Wagemaker [40] reveal that it is energetically favorable to insert Li into the (100) surface leading to high voltage due to surface storage. The surface (110) with the lowest surface energy is predicted to be energetically favorable for Li-ion insertion into the vacant 16c positions. As shown in Figure  3 , the (111) surface allows additional capacities that significantly exceed the bulk capacity of Li 7 Ti 5 O 12 by occupation of 8a sites in addition to the fully occupied The (111) surface is important for increasing the storage capacity. The black and purple curves correspond to particle sizes of 30 and 100 nm, respectively. reproduced from [40] with permission of 2012 american chemical Society.
a battery. A recent experimental study [51] indicated that chemical phase and fracture in Li x FePO 4 depends on particle size. The lattice mismatch between LiFePO 4 and FePO 4 results in severe fracturing on microcrystals, whereas no mechanical damage was observed in nanosized LiFePO 4 . In this review, we focus on sizedependent Li + -diffusivity and phase transition. As shown in Figure 4 (a), experimental and computational studies indicated that the monoclinic LiMnBO 3 with a one-dimensional channel of Li-ion diffusion has particle-size dependent diffusivity and is less sensitive to antisite defect concentration [12] . The smaller particle size corresponds to higher Li-ion diffusion constant. Figure 4 (b) presents how particle size affects the overall Li-ion mobility in the presence of the channel DFT+U calculations exhibit that the redox potential of Li-ion insertion and extraction from (010) surface is 0.6 eV lower than from the corresponding bulk [44] .
Nanosize effect
It is proved that nanosized battery materials offer several possibilities to partially improve storage capacity [40, 45] , discharge/charge rate [16, [46] [47] [48] [49] , and lifetime of Li-ion batteries [50] . Ideally, ion diffusivity and storage capacity are intrinsic properties of the bulk materials and would not make significant change with particle sizes. However, a smaller particle generally can reduce the ionic transport path and strengthen the one-dimensional migration path, therefore improving the rate performance of performances such as rate capacity, storage capacity, Li-ion diffusion, and lifetime, it is difficult to establish a quantitative description between size and electrochemical performance for high-throughput screening.
Doping and transition-metal mixtures
In the past decade, the doping technique has been extensively applied to improve electrical conductivity, reduce Li-ion migration barriers, and tune discharge/charge voltage of battery materials. There are a wide range of dopants used in LiFePO 4 to substitute Li, Fe and O ions in order to improve its electrical conductivity. Since many factors such as carbon containment, doping, and phosphide formation are involved, whether electrical conductivity is enhanced by doping has stimulated a large debate [53, 54] . In theory, the substitution of divalent dopants (Zn, Cu, Mg, Ca, Mn, Co) on Fe site was found to have much lower formation energies than those of monovalent (Ag), trivalent (Al, Ga) tetravalent (Ti), and pentavalent (Nb) transition metals doped on either Fe or Li sites [24, 25, 55] . In general, a low concentration of dopants does not significantly enhance electrical conductivity although charge compensation may occur in the aliovalent dopant.
The previous works suggested that the co-doping of F on the O sites and Si on the P sites could improve electrical conductivity of LiFePO 4 , exhibiting a 2-3 orders of magnitude increase, based on theoretical computations and materials characterizations [56] [57] [58] . As shown in Figure 5 , Dillon et al. [56] explained that the doping effect modifies the nature of conduction band minimum (CBM). The transport mechanism is changed from polaron-type to band-like conduction. For the undoped LiFePO 4 , the poor electrical conductivity is attributed to very large electronic effective masses contributed by Fe-3d orbitals in CBM. After Si, F-codoped LiFePO 4 , the states with lighter effective mass are shifted down to form CBM, generating a higher electrical conductivity. The chargecompensating codoping approach plays an important role in improving performance of electrode materials suffering from poor electrical conductivities.
Based on the above analysis, it is expected that doping strategy can lead to higher electrical conductivity by tuning band structure at CBM. A light electronic effective mass with s-like CBM can increase electrical conductivity. Therefore, the electronic effective mass of the lowest-energy conduction bands plays an important role in determining electrical conductivity of electrode materials. As a result, developing an efficient method to calculate electronic effective mass of these bands is of vital importance to screen doping atoms and evaluate their effectiveness in order to improve electrical conductivity. Based on a concept of solid-state physics, the inverse effective mass tensor can be described as: blocking antisite disorder. Whenever there are two or more blocking sites in a channel, the sites between them are inaccessible, removing them to enable the reversible Li capacity to increase. In fact, the same research group have reported the similar results in which the diffusion constant depends on particle size. Li-ion diffusion in bulk materials with one-dimensional atomic migration channels is much slower than that in corresponding nanoparticles [16] . Controlling particle sizes is important to improve rate performance and storage capacity of battery materials, especially for those with one-dimensional transport channel.
Although our analysis implies a particle size dependent Li + kinetics, we could not establish a quantitative description on a general relationship between size and diffusion constant for high-throughput screening. On one hand, there are different migration mechanisms such as dimensionality and anisotropy in different battery materials. On the other hand, the particle size does not directly affect the diffusion constant, as shown above. Therefore, it is difficult to develop a suitable parameter as criterion for high-throughput calculations to screen high-performance battery materials.
In battery materials, structural transition, which must occur during Li-ion insertion and extraction processes, plays an important role in determining the cyclic performance of battery material. Since structural transition to undesired electrochemical phases can only occur if the particle radius r p is larger than the critical nucleation radius r c for that phase, it is possible to eliminate such transition by using nanoparticles with r p >r c . Therefore, small particles would easily generate the structural transition. For example, the layered LiMnO 2 suffers from structural change during electrochemical processes and exhibits a significant capacity decrease [52] .
In fact, size-dependent structural transition can be described by formation energy difference in different particle size. Further, the size-dependent formation energies of nanoparticles are approximately calculated based on the combination of bulk formation energies and surface energies of Wulff shapes, as follows:
where ΔG bulk form (T) is the formation energy difference in bulk; γ i (T) is the surface energy of i facet in the calculated Wulff shape; V and A i are the volume of particle and the ith surface area of Wulff shape, respectively. Therefore, the particle size d can be formulated by the volume and average surface area of unit volume. However, the first-principles calculations of surface energies are time consuming. Therefore, a high-throughput firstprinciples calculation for formation energy difference to determine particle size is not applicable in the current computer condition.
In summary, although tuning particle size plays an important role in improving electrochemical [76] developed a fast computational method by combining bond-valence (BV) and DFT techniques to calculate Li-ion migration barriers. By using this computational method, high-throughput calculations for Li-ion migration barriers of more than 1000 compounds as solid electrolyte were performed to screen superionic conductors in batteries. It is expected that this method also can be used in Li-ion migration barrier calculations in similar electrode materials.
Interface engineering
The formation of a stable electrolyte-electrode interface (EEI) layer which can make Li + conduction and electronic insulation is critical to ensure high coulombic efficiency, cyclic life, and safety. In the past 10 years, the mosaic model of EEI layers is well accepted to describe interfacial structure, leading to a better understanding of interfacial reactions [77] . The layer results mostly from nucleophilic reactions driven by reactive species of electrode surface to attack electrolyte molecules. The chemical evolution may lead to a gradual growth of EEI layers, accompanied with decomposition of electrode materials.
Very recently, Zhu et al. [78] performed first-principles calculations to evaluate thermodynamic stability of the interfaces between solid electrodes and electrolytes. Their calculations identified that the strong thermodynamic driving force for decomposition at the interfaces limits electrochemical window of solid-electrolyte and the poor chemical compatibility between them. Currently, the interfacial coating layer materials have been extensively applied to enhance electrochemical and chemical stability of interface.
Under an electrochemical environment, the EEI may donate electrons to electrolyte molecules and the stability of interface between the electrode and inflammable electrolyte therefore become correlated moments with safety. As a result, it is necessary to establish the where ħ is reduced Planck constant, k β,μ is reciprocal lattice vector and ε i,k is the energy of the ith band at k point. The effective mass of electrons in battery materials can be estimated via parabolic fitting of the actual ɛ-k diagram around the CBM. Although a computational criterion to determine the doping element is quantitatively established to improve electrical conductivity, an accurate calculation for band structure is not easy. Therefore, developing advanced computational methods to realize fast and accurate band structure plays an important role in high-throughput screening to determine doping elements.
In addition, the doping method was used to regulate discharge voltage of cathode materials. In 1998, Goodenough et , G Li are free energies, n is the number of removed Li per unit volume.
The Li-ion migration kinetics also can be tuned by doping strategy. However, inappropriate doping may block the channel of Li-ion migration, leading to poor Li-ion migration performance. The Monte Carlo simulation for Cr-doped LiFePO 4 indicated that Cr 3+ ion was not very facile to migrate and block one-dimension channel of Li-ion migration [62, 63] . These computations are consistent with corresponding experimental reports [64] [65] [66] [67] .
Extending a low-concentration doping to a higherconcentration mixture of elements, many solid-solution materials have been synthesized as electrodes and solid electrolytes. These materials may generate an improved electrochemical performance in rate performance and storage capacities. Based on DFT computational modeling, Kang et al. [68] 
outer layer and knock-off diffusion in the inner layer, called the two layer/two mechanism model, as shown in Figure 6 . The new model was formulated by using mesoscale diffusion equations and predicted the unusual isotope ratio 6 Li + / 7 Li + profile measured by TOF-SIMS, which increases from the EEI/electrolyte surface and peaks at a depth of 5 nm, and then gradually decreases within the dense layer.
Design of novel battery materials based on structure-properties relationships
In recent years, high-throughput calculations to screen novel functional materials attracted extensive attention due to the influence of integrated computational material engineering (ICME) and the MGI [81] [82] [83] [84] [85] . In 2011, Ceder et al. combined the Inorganic Crystal Structure Database (ICSD) with high-throughput calculations to screen thousands of Li-ion battery materials by setting the values of energy capacity, voltage, and volume change [81, 86, 87] . However, it was shown that these screened cathode materials cannot meet the requirement of practical applications. The screening must consider the suitable physical and chemical parameters, such as disordered structure, nanostructure, size, doping, and surface and interfacial structures, to describe structural stability.
It is important to develop an efficient strategy to perform high-throughput materials screening calculations. Based on the above analysis, we established a flow chart of high-throughput calculations with different accuracies to screen high-performance electrode and solid electrolyte materials (Figure 7) . Because some structureproperty relationships such as interface-correlated Li-ion stability and Li-ion migration have not been quantitatively established, they are not included in the flow chart. High-throughput calculations highlighted by relationship between thermodynamic stability of EEI layer and charge voltages as follows:
where E eq is the final energy of a certain step of the interfacial equilibrium system, E interface (x) = x ⋅ E electrolyte + (1 -x) ⋅ E electrode is the initial energy of the interfacial EEI system and x is the proportion of electrolyte to the interfacial EEI system, ΔN Li is the number of the removed Li, μ Li represents the chemical potentials of bulk Li, V c is the electromotive force corresponding to charge voltage. As a result, ΔG presents the decomposition reaction energy, which defines the stability of the EEI system. However, in terms of high-throughput calculations, it faces a great challenge to develop a quantitative model to describe interfacial stability correlated with the decomposition reaction energy and charge voltage. Composition evolution resulting from interfacial chemical reactions is so complicated that it is difficult to quantitatively describe the stable structure.
The Li-ion migration mechanism in the interface is an important research field with the aim to solve slower kinetics than those in electrolyte and electrode. Smith et al. [79] performed molecular dynamic simulation for LiFePO 4 (010) in contact with electrolytes and found that the amount of Li + ions could be reduced owing to the accumulation of positive charges at the interfaces. A typical interface structure is the EEI structure formed between electrode and electrolyte. Unravelling the Li + diffusion mechanism in the passivated film plays an important role in optimizing battery performances such as cyclic life and discharge/charge current density. Based on the time-of-flight secondary-ion mass spectrometry (TOF-SIMS) results of Lu and Harris [89] , Shi et al. [80] built an EEI model consisting of porous (outer) organic and dense (inner) inorganic layers of Li 2 CO 3 . Using the DFT method, they determined a pore diffusion in electrical conductivity related to band structure was calculated by the first-principles method. Therefore, it is necessary to develop computational methods with different accuracies to carry out high-throughput calculations, for example, Li-ion migration kinetics calculated by the semi-empirical method, and band structure calculated by the first-principles method [76] .
Concluding remarks and outlook
In this review, we have illustrated the quantitative description of structure-property relationships. These parameters in high-throughput calculations play an important role in discovering new materials and optimizing material performances. For example, defect concentration can be applied as a screening criterion to determine the effect of the defect on accelerating the Li-ion migration kinetics. Electron effective masses may be a screening criterion for choosing doped elements to improve electrical conductivity. One must determine the most likely structural characters to obtain the most efficient performance optimization, as many structureproperty relationships do not have a one-to-one correlation.
In terms of computational and experimental methods, developing more efficient multiscale computational models with different computational accuracies will be essential for an appropriate description of battery materials. In addition, developing synchrotron and in situ the dashed line in Figure 7 to optimize electrochemical performances of battery materials are presented based on structure-property relationships which are summarized in the present review.
As shown in Figure 7 , electrical conductivity and Li-ion migration kinetics are two important parameters for evaluating the electrochemical performance of solid electrolyte and electrode materials. A solid electrolyte should have an extremely low electrical conductivity, but a high Li-ion migration rate. In contrast, an electrode material should exhibit both a high electrical conductivity and fast Li-ion kinetics. We can make further second-order corrections to the electrochemical performance of electrode materials based on the discussions in this review, as shown in the red rectangle in Figure 7 .
Direct high-throughput calculations for some physical and chemical properties such as Li-ion migration barriers and size-dependent structural stability are expensive. Therefore, a fast computational method with acceptable accuracy is necessary to perform high-throughput calculations for battery materials. Because the structureproperty relationships do not have a one-to-one correlation, one must determine the most likely strategy to obtain the most efficient performance optimization.
By interfacing with the ICSD database, Xiao et al. [88] developed a semi-empirical BV method to perform high-throughput calculations to screen solid electrolyte materials with low Li-ion migration barriers. The experimental characterization techniques for structures and electrochemical properties is significantly important to understand dynamic mechanisms of discharge and charge processes.
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